Introduction 50
One of the biggest challenges today is to determine how the neuromodulatory system 51 contributes to the neuronal plasticity that allows the nervous system to respond 52 adequately to different behavioral tasks (Gu, 2002; Calabrese, 2003; Krichmar, 2008 ; 53 Brezina, 2010). In particular, motor pattern generating circuits show a high degree of 54 flexibility due to neuromodulatory substances that trigger new patterns or modify 55 ongoing activity (Morgan et In contrast to the sparse activity of these alert neurons, motor control is often 69
exerted by a population of descending neurons whose combinatorial influences 70 contrasts to MCN5 and OMN for which no PSP was visible (example shown in Fig.  196 1D, right). In all of our recordings only three large units were visible on the ion. Yet, 197 occasionally additional neurons with much smaller amplitudes were active, 198 demonstrating that more axons than the named three are contained within the ion at 199 the recording site (for example the two inferior ventricular neurons; Hedrich and 200
Stein, 2008). 201
The strict order of unit sizes on the ion recordings allowed us to identify MCN1 202 also in vivo (Fig. 1C, bottom) : Recording the ion with a hook electrode revealed the 203 same ratio of spike amplitudes as in vitro in all of our recordings (N>20 recordings) 204 and a very similar pattern of activity. OMN can be active either tonically or in bursts of 205 action potentials and sometimes occlude MCN1 spikes. To assess MCN1 activity we 206 thus electronically removed OMN from the ion recording during the analysis. For this, 207
we used the fact that we could determine each OMN spike due to the large spike 208 amplitude. We calculated the average OMN waveform shape and subtracted it from 209 each OMN spike on the recording (Fig, 1E, left) . This not only deleted the OMN 210 spikes, it also revealed superimposed MCN1 action potentials (Fig. 1E, right) and 211 thus allowed us to measure MCN1 activity adequately. 212
In contrast to most nerves providing descending control of the STG (ion, son, 213 stn), the main STG motor nerve (dvn, dorsal ventricular nerve) has been recorded in 214 vivo before (Heinzel et Fig. 1A ) and the ventral side (ion recording, Fig. 1B ) of the animal. 224
225
The MCN1 spike activity 226
We first recorded the resting activity of MCN1, i.e. without further experimental 227 perturbation. In all 11 preparations MCN1 was spontaneously active. While in four 228 animals, MCN1 activity was tonic, in the remaining animals MCN1 activity was 229 clustered into bursts ( Fig. 2A) . In these seven animals, the average firing frequency 230 within each burst ranged from 6.23 to 21.1 Hz but was stable within each particular 231 preparation. The mean MCN1 firing frequency was 11.2 ± 5.2 Hz (N=7). On average, 232 the MCN1 burst had a duration of 0.88 ± 0.28 s and occupied 78.59 ± 12.44 % of 233 each pyloric cycle (N=7). The average interburst interval was 0.55 ± 0.24 s (N=7). 234
Firing frequency varied only negligibly during each burst and showed no clear 235 maximum or minimum within the burst. The timing of the MCN1 burst activity, 236 however, depended on the motor activity generated in the STG. In fact, the end of 237 the MCN1 burst activity always occurred during the burst of the PD motor neurons 238 and a new MCN1 burst began after the end of the PD activity ( Fig. 2A, top, arrows  239 and Fig. 2B ). The end of the PD neuron burst preceded the MCN1 burst by 0.26 ± 240 0.03 s (N=7). These results complement the in vitro experiments, which show the 241 same correlation between PD and MCN1 ( Fig. 2A, 
bottom). Previous studies have 242
shown that the MCN1 pyloric-timed pattern results from a conditional inhibitory 243 synapse onto MCN1 from the pyloric anterior burster (AB) neuron (Wood et al., 2004 ; 244 Blitz and Nusbaum, 2008) , which is electrically coupled to the PD neurons and part of 245 the pyloric pacemaker ensemble that drives the pyloric rhythm (Stein, 2009 
MCN1 firing controls both STG motor patterns 249
In the isolated nervous system, descending modulatory projection neurons in 250 the commissural and esophageal ganglia provide part of the excitation that drives the 251 pyloric and gastric mill motor patterns. Ablation of these neurons in crabs causes an 252 immediate cessation of motor activity (Luther et al., 2003) . Accordingly, activating 253 these projection neurons excites the pyloric and gastric mill rhythms (Bartos and 254 given preparation MCN1 intraburst firing frequency typically did not change 267 spontaneously, but was rather constant (but see chemosensory stimulation below). 268
We used the average firing frequency that MCN1 generated spontaneously and the 269 corresponding period of the pyloric motor pattern. We found that even this across-270 animal approach revealed a significant (N=7, p<0.05, Pearson Product Moment 271
Correlation) correlation between MCN1 activity and period of the pyloric motor 272 pattern (Fig. 2C ). To further validate the hypothesis that MCN1 activity continuouslyinfluences the STG motor circuits in vivo, we transected one of the two MCN1 axons 274 by cutting one ion and compared the pyloric activity before and after transection. compared. Similarly, we found that when we drove OMN firing, this had no effect on 289 the pyloric rhythm: For this we performed intracellular recordings from the OMN soma 290 and injected depolarizing current to increase its firing frequency on average to 29.2 ± 291 4.37 Hz (N=6) with current injections. In none of our recordings (N=6), there was a 292 significant change in MCN1 or pyloric activity (Fig. 3B) these experiments, the ion electrode was used for stimulation, we were unable to 307 directly determine the threshold for OMN activation. Clearly, since OMN possesses 308 the largest spike on the ion recording, it will have the lowest activation threshold. We 309
used the fact that OMN shows a diminishment in its firing after longer periods of 310 activity (as observed during intracellular OMN recordings) to indirectly determine the 311 stimulation threshold for OMN: We stimulated the ion tonically with 20 Hz for several 312 seconds with a given stimulus strength, starting with very low amplitudes, and then 313 incremented stimulation amplitude in each trial. We monitored OMN activity 314 immediately after the end of each stimulation and looked for changes in OMN activity 315 in comparison to immediately before the stimulus. Above a specific amplitude, OMN 316 showed a post-stimulatory diminishment in its activity: OMN spike activity ceased for 317 several seconds, indicating that it had previously been activated by the stimulus. In 318 contrast, the cycle period of the pyloric rhythm was not affected (Fig. 3E) , even in the 319 long term (pyloric period before stimulation: 0.70 ± 0.30 s; N=7; during stimulation: 320 0.75 ± 0.37 s; only N=3 could be measured due to stimulus artifacts; after stimulation: 321 0.68 ±0.20 s; N=7; P>0.2 for all comparisons). Yet, when we further increased 322 stimulation amplitude, we found a specific threshold in each animal at which the 323 pyloric rhythm started to respond to ion stimulation, presumably due to a recruitment 324 of MCN1.
This then allowed us to test whether an increase of MCN1 activity can 326 determine the activity generated in the STG, despite the additional sensory and 327 modulatory influences affecting the CPGs in vivo. To quantify our observations, we 328
of the pyloric cycle period, but also that a gastric mill rhythm was initiated ( 
D). This increase was reversible such that MCN1 activity returned to control values 363
after the removal of the chemosensory stimulus. Stimulation also altered the STG 364 motor patterns, with the excitatory effect on MCN1 always preceding the effect on the 365 motor patterns. The cycle period of the pyloric rhythm decreased significantly during 366 chemosensory stimulation (Fig. 4D, p<0 .05, N=6, one way ANOVA on ranks for 367 repeated measures), and a gastric mill rhythm was initiated (Fig. 4C ). During these 368 rhythms, the LG neuron fired bursts of action potentials with an average frequency of 369 9.37 ± 2.58 Hz (N=5).
LG activity showed no sign of pyloric interference during its 370 burst, i.e. there were no obvious pyloric-timed inhibition in the LG spike activity (Fig.  371   4E) . Similarly MCN1 was tonically active during the LG burst. Yet, it continued to 372 show pyloric-timed inhibitions during the LG interburst, a situation similar to 373 stimulation of sensory pathways in isolated preparations, indicating that the inhibitory 374 effect of the pyloric pacemakers on MCN1 was diminished during the protraction 375 phase of the rhythm (Blitz and Nusbaum, 2008) . flexibility. This is due to the fact that neuromodulatory actions are complex, and 396 control of the neuromodulatory system is difficult. In addition, while neuromodulators 397 can drastically modify the motor patterns generated in isolated preparations (Marder 398 and Calabrese, 1996) , the functional and behavioral relevance of these patterns is far 399 Madison, Wisconsin, USA). We here provide first proof that 1) a single identified 404 neuromodulatory projection neuron in the stomatogastric nervous system can 405 regulate motor patterns in vivo, 2) that its activity contributes to the baseline activity 406 generated by the motor system and 3) that this modulatory neuron is involved in the 407 processing of exteroceptive sensory information in behaviorally relevant conditions. 408
409
Descending control of motor activity. In contrast to the sparse baseline activity of these alert neurons, motor control 429 is often exerted continuously by descending neurons whose combinatorial influences 430 determine which behavior is generated. In the leech, a population of decision 431 neurons either triggers swimming or crawling, depending on the depth of the water 432 the leech encounters (Esch and Kristan Jr, 2002; . The identity and 433 the connectivity patterns of these neurons, however, are unknown, a situation similar 434 to most complex nervous systems in vertebrates.
In summary, we show that a single projection neuron, namely MCN1, can 513 modulate and control the motor output in vivo, and that it contributes to the 514 processing of exteroceptive sensory information. 
